Abstract: An anti-reflection coated 4.7 terahertz quantum cascade laser coupled to an external cavity formed by a single moving mirror frequency tunes over a 4 cm -1 range, with mode-hopefree tuning over 0.4 cm -1 intervals.
Introduction
Because of its high efficiency and rugged compactness, the quantum cascade laser [1] (QCL) is an attractive source of coherent radiation in the terahertz (THz) region of the electromagnetic spectrum. Applications for THz QCLs include broadband communications, precision local oscillators for THz astronomy, and portable spectroscopy-based trace gas sensors for biological and organic molecules in medical and security related fields [2] [3] [4] . Their utility in all of these applications can be limited by their relatively small intrinsic tuning range, typically on the order of only 0.05 cm -1 for injection current tuning and 0.1 cm -1 for much slower temperature tuning [5, 6] . To increase this tuning range, we couple a THz QC device to an external cavity (THz EC QCL) formed by a single high reflector. By controlling the motion of this mirror toward and away from the QCL, we vary the effective laser cavity length and thereby select the emission wavelength. Similar approaches with a diffraction grating have been successfully employed with mid-IR QCLs [7] [8] [9] [10] . A maximum tuning range of 225 cm -1 , representing 24% of the central frequency, has been recently demonstrated using a heterogeneous cascade active region to artificially broaden the gain curve [11] . Our work described here is the first to demonstrate external cavity tuning in the far-IR range.
External cavity technical concept
In external-cavity lasers, tunable feedback is provided by the insertion of a controllable optical element like a diffraction grating or a simple moving mirror. In the former case, the frequency is varied by changing the grating angle with respect to the incident beam, thereby shifting the frequency of maximum feedback. In the latter, the frequency of a Fabry-Perot resonator is tuned by changing the effective cavity length. Most often, a combination of both situations is realized and continuous mode-hop free tuning over wide ranges requires a combination of multiple effects. In all cases, however, laser oscillation in the resonator formed by the semiconductor chip itself must be suppressed. This is commonly achieved by depositing an antireflection (AR) coating on one of the device facets. Light from the AR-coated facet is then collimated and strikes a diffraction grating or a mirror. With poor or no AR coating, multiple cavity modes will be present and more complicated couplings among the coupled cavities will occur, thus preventing single-mode tuning. AR coatings for optical devices at terahertz wavelengths are thicker (several tens of microns), more difficult to apply, and often less mechanically stable than those at optical wavelengths. We have successfully developed and implemented a 4.7 THz AR coating formed by a single quarterwavelength thick layer of deposited silica. The reflectivity of this coating has been verified indirectly to be less than 1% over ~20 cm -1 and less than 0.1% over ~4 cm -1 .
Implementation and evaluation
The coated THz laser chip was held at 8K with a continuous flow liquid helium cryostat and driven with pulsed current at a duty cycle of 10%. The laser output was monitored by a liquid helium cooled QMC silicon bolometer and a Nicolet Nexus 870 FTIR spectrometer. No lasing was observed while increasing the driving current well over the known threshold current density for this sample structure, demonstrating that the Fabry-Perot cavity oscillations have been eliminated by the AR coating. The experimental setup for the EC QCL is shown in Fig. 1 . The mirror was mounted on the end of a linear vacuum feed-thru, which can be adjusted to change the cavity length with a precision of ~25µm. No collimating lens was inserted between the mirror and the QCL chip, in order to reduce the cavity loss and also to avoid undesired multi-cavity effects. Limited by the laser's divergence angle and the mirror size, the longest changeable distance of the cavity length is a few hundred microns. With the mirror positioned within this distance away from the AR coated facet of the laser chip, lasing was observed above a threshold of ~ 1.2A. Fig . 2a shows the laser's output spectrum when the external mirror is at the zero position (i.e. closest to the coated facet) and laser is driven well above threshold. Multiple longitudinal modes are evident, with a measured free spectral range of 0.5 cm -1 , which is consistent with the length of the laser. To tune the laser in a single mode, the current is set near threshold. Fig. 2b shows the results when the mirror is moved over a of 50µm range, demonstrating mode-hop free single mode tuning over ~0.4 cm -1 . Note that our ability to measure the actual laser output frequency is limited by the 0.125 cm -1 resolution of the FTIR spectrometer. Broad tuning of the THz QCLs frequency was realized by moving the mirror by more than a wavelength (63µm). In this case, mode hopping is unavoidable because more than one external cavity longitudinal mode always overlaps well with the laser's gain curve. However, as shown in Fig. 3 , well separated single modes over a range of almost 4 cm -1 are possible. With better mechanical stability and more sophisticated combined control of current and mirror position, the number of mode hops within this range can be minimized. Fundamentally, mode hop free tuning by changing the effective cavity length will always be limited to approximately the free spectral range of the cavity. Ultimately, the best tuning performance should come from a similarly AR coated QCL coupled to an external diffraction grating that can be angle tuned. We are in the process now of pursuing this approach with the grating inside the cryostat.
